The suitable load transfer between adjacent concrete slabs in transverse joint is influenced by various parameters. In this paper, the influence of different diameters and spacing of dowel bars on the slab interaction was considered. Calculations were carried out with application of 3D Finite Element Method. Verification of the model was performed with the concrete pavement in Poland.
Introduction
The interaction in jointed plain concrete is a complex phenomenon. When the slab of pavement is loaded, it is deflected together with dowels, which connect the loaded slab with the adjacent slab.
During this process, the dowels transfer part of the load to the unloaded slab. This mechanism depends mainly on the modulus of dowel support which can be determined by load testing (Yoder and Witczak, 1975) . The high modulus of dowel support indicates a tight contact between the steel dowel and the surrounding concrete. The efficiency of interaction between slabs is expressed as Load Transfer Efficiency (LTE). This parameter depends on many factors, e.g. number of dowelspacing, dowel diameter, thickness of slab and joints as well as parameters of layers located under the concrete slab. A wrong location of dowels and corrosion can also influence the LTE substantially.
D r a f t
that cannot be considered in the traditional 2DFE studies (Channakeshava et al. 1993; Zaghloul et al. 1994; Davids et al. 1998a ).
Although dowels with beam elements meshed within the solid slab have been modelled many times, dowel-slab interaction was not studied in details. One exception is the paper of Channakeshava et al. (1993) , who studied the interaction between the dowels and the concrete using discrete nonlinear springs which connected the ends of the dowels with slabs. Guo et al.
(1994) applied a bilinear stiffness model and included contact elements at all possible contact points between the dowel and the concrete. Zaman and Alvappillai (1995) studied the effect of dowel-concrete interaction considering the dowel length. Other approaches were developed by Ioannides and Korovesis (1992) and Brill and Guo (2000) . The distribution of stresses around the dowel sockets for selected cases of pavement were analysed considering temperature (Riad et al.
2009; Mackiewicz 2014).
The 2DFE model developed by Nishizawa et al. (1989) was modified later (Nishizawa et al. 2001) with the development of a 3D element to represent the dowel bar. The segments set in the concrete were represented by solid elements whereas the segment between the two slabs and joint gap region was represented by 3D beam elements. William and Shoukry (2001) used in their analyses dowel bars represented by eight-nodded solid brick elements.
Although many models based on the finite element method were developed for doweled concrete joints, only very few referred to the induced stresses around dowel bars.
Here, we analyzed interaction between concrete slabs and estimated compressive stresses under the dowel in concrete. In these studies, 3DFEM was applied and GAP-contact elements were included in the interaction of concrete dowel and slab with the ground.
Since a wide range of dowel diameters and spacing is used in different countries, the huge variation of these parameters were here considered. For example, according to German 
Model utilizing FEM (finite-element method)
The model of jointed plain concrete pavement (JPCP) was worked out in three-dimensional Cartesian coordinate system and corresponded to a selected motorway pavement in Poland, on which FWD studies and load estimations were carried out. The model of the pavement was presented in Fig. 1 .
Assumed parameters of pavement layers were verified in FWD studies according to deflection measurements and back-calculation of layer moduli, which were shown in details further. Tab. 1 includes values for material parameters and the thickness of analyzed pavement that were used in the FEM model assuming a linear-elastic model. Interactions of concrete slab with subbase were modelled using appropriate GAP-contact elements whereas conditions of interactions of dowel bars with concrete slab using restricted dowel-concrete extension on pavement (Fig. 2) .
The gap element between a dowel and concrete was assumed on the whole surface of dowel in the model. This gap length was 5e-4 m at the joint and decreased linearly to 0 at the dowel end. In order to analyze gaps, the force method is used to calculate the forces at the gaps. In this approach, each gap is replaced by two forces, equal in magnitude but opposite in direction, which are applied to the two nodes connected by the gap.
In the force method, the matrix equation to be solved can be expressed by Eq. [1]:
[1]
[Fg] {Rg} = {Xg} where:
[Fg] the flexibility matrix of the structure, {Rg} vectors of gap forces, {Xg} vectors of relative gap displacements.
In order to define [Fg] , a unit force is applied in the gap direction and the relative displacements induced in all gaps are determined.
We also consider a configuration where the effect of the gaps is neglected. The following inequity implies that the i th gap is closed:
where: , 1993; Rusiński, 1994; Rusiński, 2000) , which is dedicated to construction analyses in the field of statics as well as linear and non-linear dynamics.
Linear elastic theory was applied in the model. Eight-node voluminal SOLID elements (fig.2) were used to build the finite model and the appropriate analysis was performed to adjust discretization values. Each node has three degrees of freedom, in sum 24 degrees of freedom. This analysis showed that division into about 120 000 -130 000 elements in dependence of dowels' number gave good convergence of the results. The iterative procedure based on the modified NewtonRaphson method was used in this calculation.
The stiffness matrix was used to determine forces in nodes.
[ Using kinematic boundary conditions we obtain system of equations
where:
{R f } vector of constant terms. Relationship between displacements and strains is given by:
Basic equations of elastic theory were used in final calculations:
Model verification in FWD studies
The 3D FWD studies were carried out on the road with the length of about 4 km. Measurements of bending and analysis of deep layers enabled to determine material parameters of the particular layers using back-calculation (Szydło, 1995) . In FWD studies, air temperature 28-32°C was applied.
Parameters of layers (moduli) were determined by back calculation for 36 sites in the distance of 4 km. In Fig. 3 values of these moduli for the selected measuring segment were presented. Average values for this distance were included in the 3DFEM model.
Besides typical studies on slab centers, 36 measurements on slab edges were performed. Load on the slab was applied near the edge of concrete slab as shown in Fig. 4 . Geophone "D300" and "D200" allowed to measure bending at neighbouring concrete slab edges.
The deflection bowl measured in FWD studies was compared with FEM calculations. In Fig. 5 
Results of FEM calculations
The verified computational model was subjected to more detailed analyses including variable Therefore, an application of dowels with small diameters and large spacing should be avoided. The presented analyses were carried out for the selected pavement and will be broadened for other loading conditions and parameters describing pavement and its particular layers, e.g. thickness.
The found relationship Eg.
[11] presented in Fig. 14 For analyzed dowel's spacing and diameters, we observed a change of LTE from 95 to 70 %. The found relationship (Eq. 12) allows efficiently to determine stresses in concrete under a dowel based on its diameter and LTE.
In future studies in this subject, different arrangement of dowels in pavements and their corrosion should be considered. 
